Purpose Some patients with diffuse interstitial lung disease (ILD) undergo bronchoscopy with transbronchial biopsy (TBB) as part of their diagnostic evaluation. It is unclear what the incidence and risk factors for pneumothorax (PTX) following TBB are in this patient population. Methods Ninety-seven subjects with pulmonary fibrosis who underwent a research bronchoscopy with TBB as part of the multicenter correlating outcomes with biochemical markers to estimate time-progression in idiopathic pulmonary fibrosis (COMET) trial were retrospectively reviewed. We compared subjects who developed a PTX during research bronchoscopy with TBB versus those who did not. Results Seven patients (7.2%) experienced a PTX during research bronchoscopy with TBB. Subjects who experienced PTX during TBB had significantly lower DL CO percent predicted (29 ± 8 vs. 45 ± 15, P = 0.006) and had lower resting room air saturation of peripheral oxygen (SPO 2 ) on 6-min walk testing (91 ± 10 vs. 95 ± 3, P = 0.02). No differences between groups were found with respect to age, gender, race, BMI, HRCT characteristics, or the number of transbronchial biopsies performed. Conclusion The incidence of PTX following research bronchoscopy with TBB in patients with pulmonary fibrosis was found to be 7.2% in this study. Patients who developed a pneumothorax had greater impairments in gas exchange at baseline evidenced by a lower DL CO % predicted and a lower resting room air SPO 2 compared with subjects without PTX as a complication. 
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Introduction
Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive, fibrotic lung disorder in which patients present with an insidious onset of dyspnea and nonproductive cough [1] [2] [3] . The disease pathogenesis involves an inappropriate increase in fibroblast proliferation and collagen formation leading to a reduction in functional lung tissue [4, 5] . Characteristic highresolution computed tomography (HRCT) findings in IPF include reticular opacities in a peripheral and basal distribution, honeycombing, traction bronchiectasis, and minimal ground glass attenuation [1, 2] . In subjects without a definite UIP pattern on HRCT, diagnostic uncertainly often exists leading to further investigation. Bronchoscopy with bronchoalveolar lavage (BAL) and transbronchial biopsy (TBB) is frequently performed during the diagnostic evaluation of patients with nonspecific interstitial lung abnormalities on chest imaging. This is frequently performed to exclude other diseases such as infection, sarcoidosis, and hypersensitivity pneumonitis, among others, since the amount of tissue obtained by TBB is generally insufficient to make a diagnosis of IPF [1, 2] . In addition, bronchoscopy with BAL and TBB is frequently performed for research purposes.
The incidence of pneumothorax (PTX) from bronchoscopy with TBB ranges from 1 to 6% in the medical literature [6, . Little is known about the safety of bronchoscopy with TBB in patients with diffuse interstitial lung diseases, such as pulmonary fibrosis. Prior research has suggested that IPF patients may be at an increased risk of complications related to bronchoscopy and TBB [11] , but no studies have focused solely on patients with pulmonary fibrosis. The purpose of our study is to define the incidence and risk factors of developing a pneumothorax after TBB in a well-characterized cohort of patients with pulmonary fibrosis.
Methods

Study Design
This study was performed using data from the National Institutes of Health supported COMET (correlating outcomes with biochemical markers to estimate time-progression in IPF) trial, a prospective multicenter clinical trial that was completed in August 2012. In the first phase, baseline specimens of biologically plausible biomarkers of disease activity were taken from multiple body compartments (blood, BAL, TBB, surgical lung biopsy) in patients with either suspected or recently diagnosed (within the last 48 months) IPF. If the diagnosis was suspected, it was confirmed during this phase as well (supplementary appendix S1). During the second phase, subjects were followed for up to 80 weeks or until they met any part of a composite endpoint (death, acute exacerbation of IPF, relative decline in forced vital capacity of at least 10, or DL CO of 15%). The aim of this trial was to determine if any biomarkers that were previously collected could be used to predict subsequent disease course. The study protocol was approved by each of the participating institutional research ethics committees, and informed consent was obtained from all participants (further information provided in supplementary appendix S4).
In the COMET trial, a total of 97 subjects underwent bronchoscopy with BAL and TBB as part of the research protocol. These cases were retrospectively reviewed for demographic data, pulmonary function testing, HRCT, long-term oxygen therapy, research bronchoscopy results, and surgical lung biopsy results (if performed). Predicted values for each patient's forced expiratory volume in one second (FEV 1 ) and forced vital capacity (FVC) were calculated using formulas derived from NHANES III data, while predicted values for diffusion capacity of carbon monoxide (DL CO ) were derived from equations based on Crapo and others' data [7, 8] . We compared subjects who had a PTX as a serious adverse event during bronchoscopy with TBB versus those who did not develop a PTX. Follow-up pulmonary function testing was reviewed on those subjects who had a pneumothorax during TBB.
Patients
Patients were enrolled from nine different clinical centers in the United States. Inclusion criteria for participation in the study were subjects between 35 and 80 years of age with a suspected or confirmed diagnosis of IPF within the last 48 months. Major exclusion criteria were the following: collagen vascular disease, an environmental exposure as the probable ILD etiololgy, and evidence of an active infection at screening (a full list of exclusion criteria for the COMET trial is included in supplementary appendix S1).
High-Resolution Computed Tomography (HRCT)
HRCT images were centrally reviewed by a diagnostic radiologist with expertise in chest radiology. HRCT was assessed for the presence or absence of: reticular abnormality, honeycombing, extensive ground glass abnormality (defined as extent of ground glass [ extent of reticular abnormality), profuse micronodules, mosaic attenuation/ lobular air trapping (bilateral, in C3 lobes), consolidation, and emphysema. The ATS/ERS criteria for evaluating HRCT for usual interstitial pneumonia (UIP) pattern were followed.
Bronchoscopy with BAL and TBB
Bronchoscopy was performed in stable individuals after providing informed consent and reviewing medical history, allergies, and current medications. The procedural technique varied between study centers based on the local physician's practice and protocol. BAL was performed in the most affected lung, in either the lingula or right middle lobe. Four 50 mL aliquots of normal saline were used for the BAL. Following BAL, up to twelve TBB samples were obtained from multiple segments within the same lung as the BAL. TBB was performed under fluoroscopy to avoid biopsies at the pleural margin. Biopsies were stopped prior to collection of all specimens if the subject showed signs of clinical instability, oxygen desaturation, or if significant bleeding occurred. All subjects had a post-procedure upright portable chest x-ray to evaluate for pneumothorax. Full details of the research bronchoscopy protocol are included in the supplementary appendix S3.
Analysis and Statistics
Data are presented as mean ± standard deviation or percentage of patients as appropriate. Continuous data were analyzed using Student's t test, and discrete data were analyzed using the Fisher's exact test. A P-value \ 0.05 was considered statistically significant. Odds ratios were calculated with logistic regression using STATA software. All other data analysis was performed using SAS software.
Results
Baseline Characteristics and Patient Population
Nine of the 97 subjects (7.2%) from the COMET trial developed a pneumothorax as a complication from a research bronchoscopy with TBB. Overall, the study population had a mean age of 64 ± 8 years, and the majority of subjects were male (74%) and Caucasian (94%). There was a nonsignificant trend toward greater smoking history in the study group that developed a pneumothorax compared with the no PTX group (100 vs. 67.8%, P = 0.10). No statistically significant differences were noted with regards to age, gender, race, or BMI between the two study groups (Table 1) .
Baseline spirometry, DL CO , 6-minute walk test (6MWT), and HRCT data for the respective study groups are shown in Table 1 . While no statistically significant differences on spirometry were noted between study groups, the PTX group had a trend toward lower baseline FVC % predicted (55 ± 17 vs. 68 ± 17, P = 0.06). Patients in the PTX group had a significantly lower baseline DL CO % predicted (29 ± 8 vs. 45 ± 15, P = 0.006). In addition, subjects in the PTX group had a lower resting room air saturation of peripheral oxygen (SPO 2 ) compared with the no PTX group (91 ± 10 vs. 95 ± 3, P = 0.02). There was a nonsignificant trend toward lower baseline 6-minute walk distances in the PTX group compared with the no PTX group (229 ± 161 vs. 345 ± 131, P = 0.06).
On HRCT, a definite UIP pattern was identified in 46.3% of subjects (60% in PTX group, 42.5% in no PTX group). The remaining subjects had a HRCT classified as either possible UIP or inconsistent with UIP. 60% of subjects in both study groups had honeycombing on HRCT. No significant differences between study groups were found with respect to UIP pattern, the presence of emphysema, or the presence of honeycombing (Table 1) .
There was no significant difference in the number of TBB performed in the group that experienced a PTX versus the group that did not ( Table 1 ). The seven cases of PTX occurred at five out of the nine centers. No significant difference in the rate of pneumothorax was found for the respective study centers.
Risk Factors Associated with Pneumothorax
We performed a multivariate logistic regression analysis to evaluate for clinical characteristics associated with pneumothorax following bronchoscopy with TBB. On univariate analysis, a lower baseline DL CO % predicted was the only identifiable risk factor for developing iatrogenic PTX following TBB (Table 2) . DL CO % predicted, however, was no longer statistically significant after multivariate analysis (OR 0.92, 95% CI 0.83-1.00, P = 0.07).
Follow-Up After Pneumothorax
Five of the seven subjects who experienced a pneumothorax required chest tube drainage. The PTX resolved within one day in six of the seven patients. The remaining subject required 27 days for full PTX resolution. Six of the seven subjects had follow-up spirometry and DL CO measurements between 13 and 34 days from pneumothorax occurrence. No statistically significant changes were noted in FEV 1 , FVC, or DL CO % predicted on follow-up testing (Fig. 1) . Lung (2017) 
Discussion
To the best of our knowledge, this is the first study to evaluate the risk of pneumothorax associated with TBB in patients exclusively with pulmonary fibrosis. We found that 7.2% of pulmonary fibrosis patients developed a pneumothorax after undergoing research bronchoscopy with TBB as part of the COMET trial. Patients who developed a pneumothorax had both a lower DL CO at baseline and a lower resting room air SPO 2 compared with those without PTX as a complication. These results suggest that in pulmonary fibrosis those with poorer gas exchange are at an elevated risk for PTX during bronchoscopy with TBB. Pneumothorax rates following bronchoscopy with TBB vary from 1 to 6% in the literature, with most studies reporting PTX in \4% of cases (Table 3 ). In our study we found a higher incidence rate of pneumothorax following TBB at 7.2%. Data pertaining to specific risk factors for developing PTX from TBB is sparse. Operator experience is expected to influence the risk with more experienced physicians presumed to have fewer complications. However, a study of 350 cases showed that operator experience had no predictive value for development of [9] . In addition, fluoroscopy use has not been shown to affect the risk [10] [11] [12] [13] [14] . In our multicenter study, operator inexperience was not a limitation as subjects underwent research bronchoscopy with TBB under fluoroscopy at large academic centers with significant experience in performing bronchoscopy with TBB. The rate of pneumothorax with TBB did not significantly differ among the nine centers in our study, further minimizing the chance that operator error contributed to the PTX complication rate. There is conflicting evidence whether the total number of biopsies during TBB augments PTX risk [9, 15, 16] . A study by Milman and others looked at 1144 consecutive patients, of which 405 had 3-10 TBB performed during 452 procedures [15] . No relationship was found between the number of TBB and the incidence of pneumothorax. Another study by Izbicki and others assessed 350 consecutive patients who underwent bronchoscopy with TBB (majority had 4-5 specimens obtained) for various lung pathologies and showed the risk of PTX to be 2.9% [9] . In contrast, the latter study showed a weak but statistically significant correlation between the risk of PTX and the number of biopsy specimens obtained (r = 0.14, P = 0.008) [9] . In our study, the number of biopsies was similar between subjects who developed PTX versus those who did not.
Previous studies describing iatrogenic PTX from bronchoscopy with TBB have reported a wide range of total biopsies performed [3, 9-12, 15, 17, 19-21, 23, 29-31, 33] . A study by Hernandez Blasco and others assessed 169 immunocompetent outpatients with various pulmonary diagnoses who underwent bronchoscopy with TBB [17] . The mean number of samples obtained through TBB was 6 ± 2. Pneumothorax occurred in only two patients (1.2%), well within the usual range [17] . In our study there was no significant difference in total number of biopsies performed between those who experienced a PTX versus those who did not. In addition, the number of TBB performed was not identified as an independent risk factor for PTX on multivariate logistic regression in our study. Most studies investigating bronchoscopy with TBB have included patients with various lung pathologies, both localized and diffuse. Many of these trials have enrolled a varying number of patients with pulmonary fibrosis; however, no previous trial focused solely on these patients. One study evaluated 172 patients who underwent bronchoscopy with TBB, of which 18% were ultimately diagnosed with IPF [18] . A nonsignificant increase in complications including PTX was found in IPF patients compared with other pulmonary diseases. Among all patients, those that were older and who had greater diminishment in lung function (as assessed by FEV 1 ) had more complications including PTX during TBB [18] . In our study we found that those with poorer gas exchange (lower DL CO and lower resting room air SPO 2 ) were more likely to develop PTX on TBB, but in contrast we did not find an association with FEV 1 or age.
The current evidence to date is limited regarding the risk of PTX during TBB with specific type of lung pathology. Risk is increased in bullous disease and in patients receiving positive pressure ventilation [21] . Among all spontaneously breathing patients undergoing bronchoscopy with TBB, the reported risk of pneumothorax ranges from 1 to 6% (Table 2) [3, . In a study by Sindhwani and others, transbronchial biopsies were performed only in patients with diffuse parenchymal lung disease (without a definite UIP pattern) on CT scan [34] . This study reported a 10% incidence of iatrogenic PTX following TBB, which is higher than previously reported rates for all spontaneously breathing subjects undergoing the procedure. Similarly our study comprised solely of subjects with pulmonary fibrosis found a 7.2% rate of pneumothorax following TBB, also comparatively higher to historical ranges. The proposed mechanism for the greater occurrence of pneumothorax in patients with pulmonary fibrosis may be related to the presence of fibrosis in the lung parenchyma and the resultant increase in tensile forces that occurs in these patients during biopsies performed with forceps.
One limitation of our study is the small sample size (97 subjects), and as a result, the number of subjects who developed the complication of interest (a pneumothorax) was only seven subjects. This small sample size limits the strength of our results for identifiable risk factors for pneumothorax with multivariate logistic regression (as evidenced by no variables showing statistical significance). Another limitation of the study is the homogeneity of the patient population composed mostly of subjects who were Caucasian and male. This is to be expected in a study composed solely of subjects with idiopathic pulmonary fibrosis, but it does limit the generalizability of the results. A third limitation of our study is that pertinent baseline data were missing in some subjects: 12 (12.4%) did not have a HRCT, and 9 (9.3%) did not have baseline spirometry values available for review. In addition, given this study's retrospective nature, there is a possibility for disequilibrium between the two groups not captured by the variables studied. Strengths of this trial include its multicenter design, the standardized research protocol for performing bronchoscopy and TBB at the research centers, and the strict criteria utilized to confirm a diagnosis of IPF for inclusion in the COMET trial.
In conclusion, 7.2% of subjects with pulmonary fibrosis developed a pneumothorax following research bronchoscopy and TBB. This is the first trial to date that has focused on the risk of PTX from TBB in subjects exclusively with pulmonary fibrosis. Subjects who developed a pneumothorax had greater impairments in gas exchange at baseline evidenced by a lower DL CO % predicted and a lower resting room air SPO 2 compared with subjects without PTX as a complication. In patients who experienced a pneumothorax, no significant decline in pulmonary function occurred on follow-up testing.
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